It is unclear whether the production of biochar is economically feasible. As a consequence, firms do not often invest in biochar production plants.
Introduction
Biochar is the stable, carbon-rich substance obtained from the pyrolysis of biomass materials such as wood, manure, or leaves [1] . The application of this pyrogenic black carbon can have substantial advantages from a social, economic, and environmental point of view, such as (1) job creation (social), (2) soil improvement for higher biomass yields and possible cost savings (economic), and (3) climate change mitigation and water or air pollutant absorption due to its porous form (environmental) [2] [3] [4] [5] [6] [7] . Since sustainable biochar systems are essential to the future of biochar, these systems need to address a wide range of potential environmental, social, and economic impacts [8] .
Methodology

Life Cycle Assessment (LCA)
The life cycle assessment methodology was used for the evaluation of the environmental impacts associated with the production and application of biochar in soil. The impacts were calculated in SimaPro software (version 8.3.0), according to the ISO 14040:2006 [31] requirements.
Goal Definition
The goal of this study was to compare the positive and negative environmental impacts of two potential cases in Belgium for biochar production and its use for soil amendment in drought-sensitive agricultural soils in the Campine region situated in the province of Limburg, Belgium. Some, but not all, of the soils in this vast region have been moderately polluted with cadmium (Cd) as a consequence of the pyrometallurgical processing of zinc until the seventies [12] . Hence, several opportunities for biochar application exist within the region as all soils are drought-sensitive and sandy, some of which are contaminated with heavy metals: a. Metal-contaminated soils benefit from biochar application thanks to its capacity to immobilize the heavy metals; b. Non-contaminated soils benefit from biochar application thanks to its capacity to better retain nutrients and water, especially within the context of climate change.
We propose the use of locally available feedstock to avoid the fact that biochar needs to be produced at distant locations, so that CO 2 emissions from transport are prevented. Additionally, no (indirect) land use change will result from crop cultivation specifically for (unsustainable) biochar production from, e.g., tropical woods. Examples of local feedstock for biochar production include: i.
Pig manure, which is abundantly available and needs to be processed anyhow to avoid a local oversupply of nutrients. Moreover, the processing of pig manure in three steps seems to result in a positive business case [32] . First, the pig manure is separated in water (44%), a thick fraction (17.5%), and a thin fraction (38.5%). The nutrients nitrogen (N) and potassium (K) end up in the thin fraction or concentrate, whereas phosphorus (P) is concentrated in the thick fraction. Second, the thick fraction is dried to a dry matter content of 95%. Third, the dried thick fraction is pyrolyzed for the production of biochar and energy. In full operation, it is expected that 60,000 tons of wet thick fraction can be processed annually; ii. Willow can be cultivated on marginal soils that remain largely unused for agricultural production as they are not fertile and might even be contaminated with heavy metals. Hence, willow can be cultivated in short rotation to either produce energy and biochar from marginal, non-contaminated soils or to extract the cadmium from 2400 ha [33] of contaminated soil to produce energy and "activated" biochar.
So far, those local opportunities for biochar production and application have been investigated at Hasselt University by conducting pyrolysis experiments for willow and pig manure feedstock within the research group Applied and Analytical Pyrolysis, and by building techno-economic models within the research group of Environmental Economics at Hasselt University [12, 32] . However, the societal value of its environmental impact remains unknown.
As the application of biochar in metal-contaminated soils has not been tested yet within this region, the monetary value of the environmental impact of biochar production and application has been determined for the following two case studies:
• Case 1: production and application of biochar from willow cultivated on non-contaminated marginal soils; • Case 2: production and application of biochar from the dried thick fraction of pig manure.
In the future, other feedstocks will also be investigated, but no experimental data or traditional techno-economic models are available yet. Hence, we calculated and compared the environmental benefit/cost of both feedstocks to augment the available techno-economic models. The paper is to be considered as a first iteration that needs to be refined in the future based on the questions raised by the results after the first iteration. The functional unit is defined as 1 t of produced biochar because the main function of the system is biochar production [19, 21] . The system boundary is shown in Figure 1 . Either pig manure (case study 1) or willow woodchips (case study 2) are used as a feedstock for the pyrolysis process. Two system boundary expansions are included to represent additional functions of biochar [21] : (i) the pyrolysis process generates excess energy as a co-product in the form of bio-oil and syngas, avoiding some consumption and production of electricity and natural gas; and (ii) the application of biochar for soil amendment reduces the use of NPK fertilizer.
The syngas is burnt to provide the internal energy requirements for heat and electricity of the pyrolysis process. Excess energy from burning syngas on top of internal energy requirements is offset to the market as a substitute for natural gas and electricity. Additionally, the bio-oil co-product is sold on the market as a replacement for natural gas. 
Life Cycle Inventory (LCI)
Data were collected through laboratory tests, and scientific and technical literature. Some processes, such as willow woodchips production, transportation, electricity, and fuel production, were modeled using the available databases (Table A1 ) from the SimaPro 8.3 software. Fuel consumption emissions were estimated by IPCC guidelines [34] . Emissions released from burning syngas in combined heat and power (CHP) were estimated based on reported emission limits [35] .
According to a unit process selected from the Ecoinvent 3.0 database (Table A1) , activities for the production of willow woodchips comprise establishment, operation, and clearing of the plantation. The inputs of seed, mineral fertilizers, and pesticides are considered. It is assumed that no organic fertilizers are applied. In addition, the database includes all machine operations, namely soil cultivation, planting, fertilization, weed control, pest and pathogen control, harvest and chipping of willow stems, transport from the field to farm (2 km), drying of wood chips under a roof (air drying; no electricity input), and clearing of the plantation by a rotary tiller including the growing of oil radish (not harvested). Corresponding machine infrastructure and sheds are also covered in this database. Further, direct field emissions are included. This activity ends after mulching of the oil radish and with the provision of willow wood chips at the farm gate.
It is assumed that the pyrolysis plant will be operational for 20 years with 7000 working hours per year. The residence time of the feedstock is 60 min and the process temperature is set at 500 °C, allowing the volatile components to escape while a charred solid is left behind.
In the first case study (Table 1) , wood chips were transported to the pyrolysis plant. According to pyrolysis experiments conducted at Hasselt University, the measured product yields for biochar, syngas, and bio-oil were 33.5%, 31.9%, and 34.6% of W dry feedstock, respectively. Moreover, the calorific values of the syngas and the bio-oil were calculated to be 11 and 16 MJ/kg, respectively. The carbon sequestration potential of biochar application to the soil was calculated based on the total carbon 
It is assumed that the pyrolysis plant will be operational for 20 years with 7000 working hours per year. The residence time of the feedstock is 60 min and the process temperature is set at 500 • C, allowing the volatile components to escape while a charred solid is left behind. In the first case study (Table 1) , wood chips were transported to the pyrolysis plant. According to pyrolysis experiments conducted at Hasselt University, the measured product yields for biochar, syngas, and bio-oil were 33.5%, 31.9%, and 34.6% of W dry feedstock , respectively. Moreover, the calorific values of the syngas and the bio-oil were calculated to be 11 and 16 MJ/kg, respectively. The carbon sequestration potential of biochar application to the soil was calculated based on the total carbon content of biochar as 75% of W dry biochar for willow, of which a conservative share of 80% consists of stable carbon. In the second case study (Table 2) , first, the pig manure is separated in water (44%), a thick fraction (17.5%), and a thin fraction (38.5%). Second, the thick fraction is dried to a dry matter content of 95%, and this dried thick fraction, after grinding, is the feedstock of the pyrolysis plant. This implies that additional pretreatment (drying and grinding) is required after the reception of the separated thick fraction of pig manure at the farm. The management of pig farms itself is not included in the system, as it is not expected that choosing pyrolysis instead of anaerobic digestion as the preferred manure processing technology will influence the farm's operations. According to the experimental results that have been obtained from the Cleantech business case for pig manure (second case study), pyrolysis of the dried thick fraction resulted in 48.8% (in terms of W dry feedstock ) biochar, 23.3% bio-oil, and 27.9% of syngas. Based on Cleantech estimation, one ton of biochar was produced by 2.9 tons of dried tick fraction. Furthermore, the calorific values of the syngas and the bio-oil were calculated to be 4 and 17.5 MJ/kg, respectively. The carbon content in the biochar from the dried thick fraction of pig manure that is used in calculating its carbon sequestration potential was estimated to be 33.7% of W dry biochar .
Syngas in both cases was assumed to burn in a CHP with an electric efficiency of 25.6% and thermal efficiency of 54.4% [36] . In willow biochar, 12% of electricity generated entirely met the need of pyrolysis and the excess electricity (88%) was considered as an avoided product. However, heat from syngas burning covered only 73% of pyrolysis requirements. Comparatively, in the pig manure case, burning syngas could only provide 30% and 37% of heat and electricity demands of pyrolysis, respectively. Therefore, the avoided product in this case was only connected to bio-oil production.
As part of the application to soil, the biochar not only sequesters C, but also improves crop performance [37, 38] , which is a result of the enhancement in fertilizer use efficiency. This improvement can therefore reduce the amount of commercial chemical fertilizers applied. The dose of biochar applied to the soil as a main factor affects the results [39, 40] . According to [17] , 30 t ha −1 application of biochar for winter wheat crops can lead to a 10%, 5%, 5%, and 25% decrease in N, P, and K, fertilizers and N 2 O emissions, respectively. Therefore, the total amount of N, P, and K fertilizers avoided and reduction of N 2 O under normal management conditions of winter wheat [41] were calculated as 20, 3, Energies 2019, 12, 2166 6 of 21 4 , and 78 kg ha −1 , respectively. Since these assumptions can be affected by the area's climate, type of biochar, and agricultural plant, uncertainty of these assumptions is considered as a defined range for sensitivity analysis. The transportation distance of biomass feedstock to the pyrolysis facility and biochar to the field was also considered to be 40 km. Table 2 . The inventory data for 1 ton of biochar obtained via pig manure pyrolysis.
Inputs Outputs
Energy and transport Products Heat (dried and ground pig manure production) 3.28 GJ Biochar 1 ton Electricity (dried and ground pig manure production) 0. In LCA studies on biochar, impact methods such as ReCipe midpoint [21] and Eco indicator 99 [20] have been developed for biochar systems. In this study, the life cycle impact assessment was performed using IMPACT 2002+ and CML-baseline methods in SimaPro 8.3. The former was selected since the IMPACT 2002+ [42] model is one of the main applied models in LCA analysis [43, 44] and it enables researchers to consider environmental impacts on both a midpoint and endpoint level. However, the latter was chosen as a basis for the quantification of monetary values.
Monetizing Environmental Impacts
Monetization of environmental impacts can be carried out by means of benefit transfer using shadow prices that represent the value of those environmental aspects [45] . So far, there is no consensus in the scientific community on the most appropriate monetization method for weighting environmental impacts in LCA [46] . Therefore, three monetary valuation methods were employed: Ecotax02 [47] , Ecovalue08 [48] , and Stepwise2006 [49] . The Ecotax method is based on taxes and fees that are paid in Sweden for emissions and resource use and hence are an expression of the revealed value society attributes to the environmental effects. Stepwise2006 is based on a relatively new method [37] that takes into account the budget constraint, i.e., the annual income an average person can pay for an additional life year [35] . The use of a budget constraint reduces the uncertainty or bias that is associated with stated preference methods for the economic valuation of environmental impacts as respondents may not adequately consider their real income when answering questions related to their willingness to pay for environmental goods and services. The Ecovalue08 method, on the other hand, is based on the value individuals (rather than society) place on environmental goods and services. The Ecovalue08 method has been specifically developed in order to have a consistent weighting set which is based on the same valuation principle for all environmental impact categories considered [34] . The three methods hence represent different approaches (revealed versus stated preference, whether or not taking into account budget constraints) that can be used for a monetary valuation of environmental impacts and thus give an indication of the range within which the true value of the environmental impact will fall. As the existing techno-economic models for the two case studies are expressed in Euro2012 terms, the monetary values from the weighting methods have been converted into Euro2012 using European inflation rates between 2002 and 2012 [50] . The three methods also differ in terms of the characterization method and impact category levels (midpoint versus endpoint) for which they have been designed. Ecotax02 and Ecovalue08 have been designed for weighting at the midpoint level using CML midpoint categories [47, 48] , whereas Stepwise2006 provides the option of expressing results in both midpoints and endpoints through combining monetarization values with midpoint impact categories of IMPACT2002+ and EDIP 2003 [49] . In the present study, the results of this method are expressed at the midpoint level. To compare these methods, Table 3 presents the relevant weighting factors connected to each method. Since these factors are defined for the CML method's impact categories, first, the characterization of impact categories was conducted according to the CML life cycle impact assessment (LCIA) method. Next, the quantified environmental impacts were multiplied by the weighting factors presented in Table 3 . 
Uncertainty Analysis
Uncertainty issues are always relevant in LCA studies. However, they are deemed to be more critical when developing comparative models. Therefore, uncertainty analysis of the main assumptions is necessary to support the results of comparative studies [52] .
In this study, data uncertainty is assessed and quantified for NPK savings, as well as by products of the process, namely, syngas and bio-oil. As we do not have access to empirically-based data related to those uncertainties, one can apply the same arbitrary variation to the uncertainties [53] , e.g., a coefficient of 10% from the nominal value of the uncertain variable [54, 55] . Therefore, there is no specific rational for using ±10% variation, except for applying a conventional way of conducting sensitivity analysis when true ranges are missing.
Results and Discussion
Interpretation of LCA Midpoints
The characterization results of the life cycle impact assessment for the two case studies are reported in Table 4 in terms of Impact 2002+ midpoint categories. Case 1 and 2 represent biochar production from willow and pig manure, respectively. Negative values mean that environmental savings are generated by avoiding the use of products during biochar production and its application in soil, while positive values represent a burden for the environment. The results show that ionizing radiation, non-renewable energy, and global warming impacts were reduced in willow biochar production compared with pig manure biochar production ((−9500 vs. 22,392 Bq C-14 eq t −1 ), (−16,830 vs. 6100 MJ t −1 ), and (−2063 vs. −472 kg CO 2 eq t −1 ), respectively). This is explained by a high contribution from natural gas and electricity production processes to ionizing radiation and non-renewable energy categories. Since the willow biochar process results in a higher amount of natural gas and electricity being avoided, related impacts are greatly reduced compared with pig manure biochar. In terms of global warming, the difference mainly refers to the higher potential of willow biochar with regards to CO 2 emission saving in soil compared with pig manure biochar.
On the contrary, pig manure biochar represents lower impacts than those of willow biochar in other impact categories. Particularly, differences are highlighted in terms of aquatic ecotoxicity, terrestrial ecotoxicity, and land use categories due to agricultural machinery, nitrogen fertilizer application, and land occupation in the cultivation and chipping phase of willow. In the next step, normalization is used to solve the incompatibility of units and simplify the interpretation of the results. In fact, normalization shows the relevant share of each impact category to the overall impacts through the application of the normalization factor. The normalization factor is defined as the impacts of all substances in their specific categories per person per year. The normalized values are obtained through dividing the characterization results by normalization factors, so the unit of all normalized values is [pers year/unit emission ], i.e., the number of equivalent persons affected during one year per unit of emission [42] . The Impact 2002+ normalization set defined for the European zone was employed.
According to the obtained results (Figure 2 ), it can be inferred that the most affected categories are terrestrial ecotoxicity, land occupation, global warming, and non-renewable energy. These categories are analyzed in detail below. 3.1.1. Land Occupation Case 1 (willow) has the most adverse impact on land occupation. This is due to land use for the willow production process. Hence, if case study 1 is implemented, the willow should be cultivated on marginal land (though not polluted with Cd). Case 2 (pig manure) has the lowest impact as the Case 1 (willow) has the most adverse impact on land occupation. This is due to land use for the willow production process. Hence, if case study 1 is implemented, the willow should be cultivated on marginal land (though not polluted with Cd). Case 2 (pig manure) has the lowest impact as the dried thick fraction is considered as waste from a pig farm.
Global Warming
Both case studies result in net savings of CO 2 emissions and thus can be considered as a measure to fight global warming. The expected savings in CO 2 emissions can be explained by the substituted amount of heat and electricity production and reduced fertilizer production, amongst other factors, but the highest share in total CO 2 savings is attributable to the application of biochar in soils. The difference in savings of CO 2 emissions can be explained by the different stable carbon content of the produced biochars. The biochar produced from willow can reduce GHG emissions more than pig manure biochar (2.2 t CO 2 vs 0.98 t CO 2 t −1 of biochar) because the stable carbon content of willow biochar is higher than that of pig manure biochar. The value obtained for savings of CO 2 emissions as a consequence of the application of willow biochar is close to those reported by Hammond et al. [17] , being between 2.1 and 2.7 t CO 2 t −1 biochar.
Non-Renewable Energy
Case 1 (willow) reduces the amount of primary energy consumed, whereas case 2 (pig manure) results in a net increase of primary energy consumption. The reduction of 18,109 MJ of primary energy per ton biochar in case 1 (willow) can be explained by the substitution of natural gas and electricity resulting from the use of the pyrolysis byproducts (syngas and bio-oil). The increase of 10,820 MJ primary energy per ton biochar in case 2 (pig manure) is the result of the energy needed during the pretreatment process (especially drying) for pig manure.
Terrestrial Ecotoxicity
Additionally, in the impact category of terrestrial ecotoxicity, case 1 (willow) results in a more intensive impact than case 2 (pig manure). The main contribution to emissions in case 1 comes from fertilizer and agricultural machinery application during the production of willow wood chips, whereas the main contribution to emissions in case 2 comes from high electricity and heat consumption in the pretreatment of pig manure. Table 5 shows the damage endpoint categories and total impact single scores for each case per ton of biochar production. Case 1 (willow) resulted in reduced impacts on all categories, except ecosystem quality, due to land occupation during willow production. Case 2 (pig manure), on the other hand, results in increased impacts on all categories except climate change. Figure 3 can be used to analyze the contribution of the process steps to the total damage. For case 1 (willow), the net reduction of resource consumption is caused by the avoidance of electricity and fuel production during the biochar production process. In both cases, the use of heat in the biochar production process and additionally in case 2 (pig manure) for drying the feedstock is the hotspot in the human health impact category.
Interpretation of LCA Endpoints
According to the single score in the last line of Table 5 , which represents a weighted score of overall impact categories that is not based on monetization, one can conclude that biochar production from willow is preferred over biochar production from pig manure from a life cycle perspective based on the aforementioned assumptions. In addition, according to the single score, one can even say that the production and application of biochar from willow is beneficial for the environment. Another important take-home message from Figure 3 is that one should look for more sustainable solutions for the pretreatment of pig manure. If these can be found, another iteration of the life cycle analysis should provide better insight into the environmental balance for both biochar production pathways as a basis for selecting the preferred biochar production pathway. Figure 3 can be used to analyze the contribution of the process steps to the total damage. For case 1 (willow), the net reduction of resource consumption is caused by the avoidance of electricity and fuel production during the biochar production process. In both cases, the use of heat in the biochar production process and additionally in case 2 (pig manure) for drying the feedstock is the hotspot in the human health impact category.
Human health
According to the single score in the last line of Table 5 , which represents a weighted score of overall impact categories that is not based on monetization, one can conclude that biochar production from willow is preferred over biochar production from pig manure from a life cycle perspective based on the aforementioned assumptions. In addition, according to the single score, one can even say that the production and application of biochar from willow is beneficial for the environment. Another important take-home message from Figure 3 is that one should look for more sustainable solutions for the pretreatment of pig manure. If these can be found, another iteration of the life cycle analysis should provide better insight into the environmental balance for both biochar production pathways as a basis for selecting the preferred biochar production pathway. 
Interpretation of the Monetized Value of the Environmental Impacts
The characterization results via the CML method (Table 6) were multiplied by the weighting factors presented in Table 3 . The summary of results for the environmental valuation of willow and pig manure biochar production are reported in Table 7 for each of the three monetary valuation methods (Stepwise2006, Ecotax02, and Ecovalue08). Tables A2 and A3 present results in detail. All values in Table 7 are aggregated and visually represented in Figure 4 . As prices cannot be negative, the signs in Table 7 reflect the sign of the environmental impact, i.e., negative values reflect avoided environmental impacts, whereas positive values represent processes that release emissions and hence are an environmental burden. After multiplying the avoided or additional emissions by their shadow price, the negative values can be interpreted as a benefit for society, whereas the positive values represent the external cost for each impact category considered. In terms of the net balance of external benefits and costs, all three valuation methods lead to the same conclusion for the first case on biochar production and application with willow feedstock. Using shadow prices as weights for the environmental impacts does not lead to a different conclusion compared to the single score of Table 5 , in which non-monetized weights are used: all of the three methods indicate that the external benefits of biochar production and application with willow are higher than the external costs.
For the second case study, it was concluded from the single score (using non-monetized weights) in Table 5 that biochar production and application from pig manure was rather detrimental for the environment, which was mainly due to the high energy demand in the pretreatment step for drying the thick fraction. Applying the Ecotax02 method gives the same conclusion: biochar production and application from pig manure results in a net external cost and again, the pretreatment step is the largest contributor to the external cost. However, the distance between the external benefits and external costs, which corresponds to the value of the net external cost/benefit, is not as large as the distance or net benefit in the case study for willow. Moreover, according to the Ecovalue08 and Stepwise2006 methods, the external benefits are even higher than the external costs of the pig manure biochar system. Therefore, if sustainable solutions can be found for the pretreatment step of pig manure, the sign of the net result might be reversed. Hence it is important to investigate the effect of alternative pretreatment pathways on the net external cost/benefit in the pig manure case.
If we look at the results in more detail (see Figure 4) , according to the Ecovalue08 method, in both cases, the application of biochar to soils is the main contributor to the external benefits from reduced global warming, which again can be traced back to the stable carbon content of the biochar. For either method and either case, it is also clear that the production of energy from the pyrolysis byproducts results in external benefits as a consequence of the avoided use of natural gas and electricity. However, the external benefits from avoided energy use are smaller for the pig manure case, because more biochar and less byproducts are produced in the latter case study.
When we compare the three methods, the Ecovalue08 and Ecotax02 methods indicate a different system component as the main contributor to the total external environmental benefit. For the Ecovalue08 method, it is concluded that the application of biochar contributes the most to the total external benefits. The Ecotax02 method, however, indicates that the reduced demand for primary energy or abiotic resources, i.e., the avoided energy use because of the valorization of the pyrolysis byproducts, is the most important contributor to external benefits. Another difference can be found in the relatively high value attached to human toxicity according to the Ecovalue08 method for both the production of willow woodchips and the pretreatment of pig manure. This can be partly explained by the relatively higher price the Ecovalue08 method attaches to this environmental impact category (see Table 3 ).
Comparing the willow and manure biochar system, it can be concluded that the external benefits for the willow biochar system are double the external benefits for the manure biochar system, which is explained by (i) the higher amount of saved energy consumption thanks to the pyrolysis byproducts in the willow biochar production system and (ii) the higher carbon content of the willow biochar (Figure 4) . Table 3 ).
Comparing the willow and manure biochar system, it can be concluded that the external benefits for the willow biochar system are double the external benefits for the manure biochar system, which is explained by (i) the higher amount of saved energy consumption thanks to the pyrolysis byproducts in the willow biochar production system and (ii) the higher carbon content of the willow biochar (Figure 4) . 
Sensitivity Analysis
This analysis assesses the impact of variation in NPK savings and byproducts of the process on monetized life cycle assessment results. Stepwise 2006 is selected as representative of valuation methods. Uncertainty analyses of the effect of different emission sources on the environmental value of impact categories for willow and pig manure biochar are presented as tornado diagrams in Figure 5 . These diagrams show the variables which have the greatest effects on each of the impact categories and associated environmental values. The results present the impact of a 10% increase and 10% decrease in the average quantities of bio-oil and syngas and NPK savings on the outcome of the model. As it is seen, in willow biochar production, the most sensitive variable for human toxicity and eutrophication was willow woodchip production. However, human toxicity and eutrophication in pig manure biochar production showed the highest sensitivity for the pretreatment of pig manure. This is interpreted as a result of the high dependency of the pretreatment process of pig manure on heat and electricity consumption partly supplied by pyrolysis gas. Avoiding natural gas contributed the most to abiotic resources in both willow and pig manure biochar production. The results of the variation in NPK savings for all impact categories in both cases are negligible. Overall, the results of uncertainty analysis in W5 and P5 signified that feedstock provision and avoided products had high impacts on environmental values of biochar production in both cases. The total net balance in Figure 5 . indicates that a ±10% variation in the quantity of byproducts produced can result in a range of environmental benefits from 159.9 euro to 367.6 euro and from 26.6 euro to 31.9 euro per 1 ton of biochar produced from willow and pig manure, respectively. -376. 
Conclusions
This study investigated the environmental impact of biochar production from two feedstocks and its use for soil amendment by means of LCA. The novelty of the work consists of a comprehensive assessment of biochar production systems comprising a wide range of environmental impact categories and quantifying the environmental aspects as monetary values. This can be done by a weighting step in which monetary and non-monetary weights can be used. The advantage of monetary weights is that they reflect the values society or individuals attach to environmental goods or impacts, and they can be integrated with private costs and benefits from a traditional techno-economic assessment (TEA). For this purpose of integration, in future research, social impacts will also be quantified and monetized, and those monetized environmental and social impacts will be complemented by existing techno-economic models in order to develop a new methodological framework, i.e., a "societal techno-economic assessment", that takes into account both private and external costs and benefits and ultimately covers economic, social, and environmental aspects. This paper contributed to the calculation of the monetized value of the environmental aspects. Governments can use this information to devise policies for new technologies and to determine the right amount of taxes and subsidies to correct market failures.
The novel and main contribution of this paper, with respect to the literature, was the determination of the monetary value of the environmental impact of biochar production and its application for two case studies in Belgium using (i) willow and (ii) pig manure as a feedstock, for which techno-economic models were available. For the relevant (normalized) impact categories (global warming and non-renewable energy use), the willow biochar pathway outperforms the manure pathway. There are problems for land occupation and terrestrial ecotoxicity in the willow case, but these can be solved by restricting the growth of willow crops to marginal soils and the efficient application of fertilizers during willow growing. One of the main reasons why producing biochar from pig manure seems less beneficial is due to the high energy cost in the pretreatment step. Therefore, it is advised that researchers take a closer look at more sustainable ways of handling pig manure before it enters the pyrolysis reaction. If these can be found, another iteration of the life cycle analysis should provide better insight into the environmental balance for both biochar production pathways as a basis for selecting the preferred biochar production pathway.
In both cases, applying monetary weights resulted in the same conclusion as the one from using a single score environmental impact using non-monetary weights: under current assumptions, the willow biochar pathway appears to be better for the environment compared to the manure biochar pathway. Hence, a potential successful application of a willow-biochar system can consist of growing willow trees on non-contaminated marginal land for the production of biochar, and subsequently using the biochar for soil amendment within contaminated land to immobilize the metals.
However, the applied shadow prices differ and, as a next step, it should be investigated which method reflects the biochar production systems under investigation the best. For instance, the geographical scope might explain divergence: Ecotax2002 and Ecovalue08 are based on Swedish conditions, whereas Stepwise2006 has a more global scope. The annual income can be easily adjusted to the regional context when applying the Stepwise2006 approach, though Ecotax2002 and Ecovalue08 require more extensive adjustment steps that are beyond the scope of the current paper. Sensitivity analysis results also revealed that avoided products and feedstock provision had great impacts on the environmental values of biochar production in both cases. 
Funding:
The research was partially supported by MIUR (Ministry for education, University and Research), Law 232/2016, "Department of excellence" and partially supported by MISE (Italian Ministry of the Economic Development), "HBF2.0" Project, Grant number: CCSEB_00224. Additionally, the research was partially supported by the Italian SME company Enertecna.
Conflicts of Interest:
The authors declare no conflict of interest.
Appendix A Table A1 . List of the processes extracted from SimaPro in this study.
Input Process Project
Willow woodchip Wood chips and particles, willow {RoW}| willow production, short rotation coppice | Alloc Def, U Ecoinvent 3
Transport willow woodchip to pyrolysis plant Transport, freight, lorry >32 metric ton, EURO6 {GLO}| market for | Alloc Def, U Ecoinvent 3
Heat
Heat, district or industrial, natural gas {Europe without Switzerland}| heat production, natural gas, at boiler modulating >100 kW | Alloc Def, U 
